Nitrate contamination of groundwater has become a serious issue affecting the quality of drinking water and human health. An energy-efficient, low-cost, and simple reactor was developed to remove nitrate via hydrogenotrophic denitrification (HD). Hydrogen (H 2 ) supply was optimized by using a continuous supply of hydrogen (1-15 mL/min). The results revealed that the optimal condition was 5 mL/min, which yielded a nitrogen removal efficiency of 86.4% and a hydrogen effectiveness of 199 mg-N/g-H 2 . In the subsequent experiment, an intermittent hydrogen supply was used to improve the hydrogen effectiveness and hydrogen consumption. Using a cycle with a short period of hydrogen supply (3 min with hydrogen supply and 7 min with no hydrogen supply), excellent nitrogen removal efficiency (96.5%) was achieved, and the hydrogen effectiveness increased to 744 mg-N/g-H 2 . Furthermore, bacteria belonging to the Proteobacteria phylum and Betaproteobacteria class were the major components of the microbial community. However, Hydrogenophaga spp. (39.3%) was dominant under the continuous system, whereas Thauera spp. (58.5%) was the most abundant species under the intermittent system. In this study, Hydrogenophaga spp., Thauera spp., and Rhodocyclaceae, which were responsible for HD, afforded in efficient nitrogen removal from groundwater.
INTRODUCTION
High nitrate levels in groundwater have been associated with serious environmental problems in several developing countries, such as Nepal, India and Vietnam [1, 2] . The contamination is mainly from the disposal of sewage, industrial effluents, and fertilizer use. The nitrates can spread from the contamination source to other areas via the flow of groundwater, and the nitrate is converted into nitrite, which is also toxic. Since groundwater is the most important source of drinking water, the consumption of nitrate-contaminated water has affected human health. The rising incidence of several diseases, such as methemoglobinemia (blue baby syndrome), gastric cancer, and non-Hodgkin's lymphoma, has been attributed to nitrate-contaminated water [3] . The World Health Organization has established the standards for safe drinking water as follows: the concentration of nitrate and nitrite must be lower than 11 mg-N/L and 0.9 mg-N/L, respectively [4] . To ensure the safety of drinking water, it is necessary to treat pumped groundwater in contaminated areas. Owing to the limitations of physicochemical technology, high investment costs and generation of waste brine, the biological process of denitrification is preferred for groundwater treatment [5] . The biological denitrification process is broadly categorized as autotrophic denitrification or heterotrophic denitrification. Heterotrophic denitrification is an effective nitrogen removal process and is widely used in wastewater treatment plants; however, this process is not as effective in the treatment of groundwater and drinking water. This is because groundwater normally contains a low concentration of organic carbon, which is the main factor for effective heterotrophic denitrification. When external organic carbon is added during treatment, the residual carbon can affect the water quality by increasing the concentration of effluent carbon (which requires a secondary treatment process). Hydrogenotrophic denitrification (HD) is a type of autotrophic denitrification, that uses hydrogen gas (H 2 ) as an electron donor and bicarbonate (or carbon dioxide gas) as the carbon source. The theoretical equation for this reaction is shown in equation (1) 
HD is promoted as a clean treatment process and is well suited for the treatment of drinking water because the process does not generate toxic waste, the produce no residual organic carbon, and yields water that requires no further treatment. In previous studies, various HD systems with high nitrogen removal efficiency have been developed for groundwater treatment, such as hollow-fiber membrane reactors, gas-permeable membrane reactors, and sequencing batch reactor (SBR)-membrane bioreactor [6] [7] [8] . However, the design and operating conditions of these systems are complicated and require specialists and skillful staffs to maintain the systems. The high cost of infrastructure and maintenance, as well as the requirement for a post-treatment process, are also factors that must be considered with these reactors. Importantly, the high level of energy consumption from using a continuous hydrogen supply, high cost of hydrogen and the risk of expelled hydrogen accumulation were significant limitations in these studies.
The objective of this present work was to optimize a HD system that is simple to operate, energy efficient, and affords high hydrogen effectiveness. The performance of the newly developed system using various operating conditions with both continuous and intermittent hydrogen supply at low hydrogen supply was evaluated, and the microbial community present in the system was investigated.
MATERIALS AND METHODS

Groundwater preparation
Synthetic groundwater was prepared by addition of the following chemicals (g/L): 0.24 of NaNO 3 , 0.50 of NaHCO 3 , 0.3 of MgSO 4 ·7H 2 O, 0.027 of KH 2 PO 4 , 0.180 of CaCl 2 ·2H 2 O, and trace elements I and II [9] . The nitrate concentration was controlled at 40 mg/L in accordance with the groundwater quality in Kathmandu, Nepal [10] . The synthetic groundwater was supplied along with argon gas to maintain the low level of dissolved oxygen content (0.3 ± 0.1 mg/L) before feeding into the reactors.
Experimental setup
The HD reactors comprised of cylinders, 3.5-cm in diameter and 28-cm in height; the working volume was approximately 2 L. Enriched HD sludge was obtained from a reactor with high nitrogen removal efficiency (90% of total nitrogen removal and no nitrite accumulation) that operated for over 600 d. A nitrogen loading rate of 80 g-N/m 3 /d, hydraulic retention time of 24 h, hydrogen gas flow rate of 40 mL/ min, dissolved hydrogen concentration of 1.5 ± 0.1 mg/L and temperature of 32 ± 0.5°C were maintained in the reactor. This enriched sludge was added to the HD reactor at a concentration of 0.6 g volatile suspended solids (VSS)/L. The synthetic groundwater was fed into the HD reactor at a flow rate of 4 L/d, and the hydraulic retention time was 12 h. Hydrogen gas was supplied from a hydrogen generator to the HD reactor via an air stone diffuser. The liquid and sludge were completely mixed using a magnetic stirrer. A water bath was used to control the temperature at 32 ± 0.5°C during the experiments. Moreover, plastic beads were used to cover the top of the HD reactor to control anoxic conditions. The schematic diagram of the lab-scale HD reactor is shown in Fig. 1 .
In this study, we attempted to improve the HD reactor via two main experiments: operation under continuous hydrogen supply at various flow rates and operation under various intermittent cycles of hydrogen supply. In the first set of experiments, four HD reactors were set up and operated under hydrogen flow rates of 1, 5, 10, and 15 mL/min to determine the optimal hydrogen supply for efficient nitrogen removal. After the determination of optimum hydrogen supply reactor and effectiveness of hydrogen gas, same reactor was used with intermittent hydrogen supply cycle for improved hydrogen effectiveness. Hydrogen gas was intermittently supplied with the following cycles (on/off): 3/5, 3/7, 3/9, and 30/60 min. The cycle was repeated until the completion of the experiment. The details of the experimental conditions (continuous hydrogen supply and intermittent hydrogen supply periods) are shown in Table 1 .
Microbial community analysis
16S rRNA gene amplicon pyrosequencing was used to characterize the microbial communities in the reactors.
Sludge samples of approximately 0.1 g (wet weight) were taken, and total DNA was extracted from each sample using a FastDNA® Spin Kit for Soil (MP-Biomedicals, Santa Ana, CA, USA) following the manufacturer's protocol. Amplification of the V4 region of the 16S rRNA gene was performed by polymerase chain reaction (PCR) using the universal primer set, 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), under the following conditions: 94°C for 3 min, followed by 30 cycles of 94°C for 15 s, 55°C for 30 s and 72°C for 30 s and a final elongation at 72°C for 5 min. The amplified metagenomic sequencing was performed using the Illumina MiSeq platform and analysis software, and classification of the sequences and annotation of output data were completed with the QIIME software (ver. 1.9.0) [11] . These analyses were performed by a commercial sequencing service (FASMAC Co., Ltd. Atsugi, Japan).
Analytical method
The influent and effluent of the HD reactors were collected and filtrated with a 0.45 µm membrane filter, and the samples were stored in a freezer (-18°C) until water quality analysis. The nitrate concentration was estimated by the ultraviolet spectrophotometric screening method, and the nitrite concentration was estimated by a colorimetric method in accordance with the standard method of water and wastewater analysis [12] . The dissolve hydrogen (DH) concentration, pH, and temperature were regularly measured using a DH meter (ENH-1000, Japan), a pH meter (Horiba-B712, Japan), and a digital thermometer (WT-6, China), respectively. The performance of the HD reactor and the hydrogen effectiveness were calculated using equations (2)- (5). to determine the optimum conditions for achieving high reactor performance. At the lowest hydrogen flow rate of 1 mL/ min (Run 1), the nitrogen removal efficiency was lower than 10% during starting period (Fig 2) . This suggests that because low solubility of hydrogen gas causes low transfer rate of gas to dissolved gas. Consequently, the DH was around 1.2 mg/L in Run 1 which was lower than Run 2-4 during the starting period (Fig. 3) . The ineffective use of dissolved hydrogen and low performance may be due to microorganisms that were not adapted in sudden change from sufficient to insufficient DH concentration The decrease in DH value to 0.5 mg/L at day 10 indicates that the microorganisms can adapt to the environment and utilize hydrogen for the conversion of nitrate to nitrite and nitrogen gas. However, dissolve hydrogen concentration was insufficient for complete conversion. Therefore, the efficiency after adaptation period was found only 16.8 ± 2.7% and the effluent nitrate and nitrite were approximately 23.6 and 9.3 mg-N/L, respectively (data not shown). Similarly, a microbial adaptation period was also observed in Run 2, which was operated with a hydrogen flow rate of 5 mL/min. However, the adaptation period of Run 2 was shorter than that of Run 1 due to sufficient DH concentration in system. After the adaptation period (7 day of operation), Run 2 achieved 86.4 ± 13.4% nitrogen removal, and the nitrate and nitrite levels of 1.42 and 3.57 mg N/L, respectively, were detected in the effluent.
At the higher hydrogen flow rates of 10 and 15 mL/min, the microorganisms showed HD activity by converting nitrate to nitrogen gas from the first day of operation. The nitrogen removal efficiency was 91 -100% in Run 3 and 98 -100% in Run 4. In addition, a saturated DH level of 1.5 mg/L was observed in both reactors, of which nearly 1.44 mg/L could be attributed to the solubility of hydrogen in water at 32°C [13] . From these results, it can be summarized that both the DH value and the hydrogen flow rates were significant factors that affected the performance of the HD reactor. Owing to the high cost of hydrogen and the risks of hydrogen accumulation, the hydrogen effectiveness was considered when determining the optimal conditions for groundwater treatment via HD. The optimum condition was compared between the average value of nitrogen removal efficiency after adapted period and hydrogen effectiveness, as shown in Fig. 4 . The hydrogen effectiveness decreased when the hydrogen flow rate was increased, with measurements of 205 mg-N/g-H 2 at 1 mL/min, 199 mg-N/g-H 2 at 5 mL/min, 108 mg-N/g-H 2 at 10 mL/min, and 76.2 mg-N/g-H 2 at 15 mL/ min. This is because the air stone diffuser causes low transfer rate of hydrogen into the liquid phase [14, 15] . Therefore, a high volume of hydrogen was required to achieve saturated DH concentrations; meanwhile, a large volume of hydrogen was released into the air during operation. Regarding the hydrogen effectiveness and effluent quality, the optimal hydrogen flow rate in this study was 5 mL/min, which consumed 0.64 g-H 2 /d.
Performance with intermittent hydrogen supply
In this section, the optimal reactor (Run 2) was continuously operated with intermittently supply the HD reactors to improve the performance and hydrogen effectiveness. Three short intermittent periods of hydrogen gas were supplied with the following cycles (on/off): 3/5, 3/7, and 3/9 min for Runs 5-7. A long 30/60 min cycle was used for Run 8. The results revealed that acceptable nitrogen removal of 97.8 ± 1.6% and 96.5 ± 0.8% was observed in Runs 5 and 6 (Fig. 5) . The nitrogen removal efficiency was approximately 68.8 ± 12.3% in Run 7, in which a high level of nitrite (8.3 mg-N/L) accumulated in the reactor. A low nitrogen removal efficiency of 9.6 ± 6.2% was measured in Run 8, which yielded 20 mg-N/L of nitrite accumulation in the effluent. As shown in Fig.  6 , for all the reactors, a saturated DH level of 1.5 mg/L was maintained during the hydrogen supply period; however, the concentration continuously decreased during the period without hydrogen supply. For Runs 5 and 6, the short period without hydrogen supply resulted in a DH concentration that dropped slightly to around 1.4 mg/L, which had no impact on the HD process. On the other hand, the DH concentrations decreased to around 0.6 mg/L in Run 7 and 0 mg/L in Run 8, which negatively affected the nitrogen removal efficiency. Furthermore, the longer period of 60 min without hydrogen resulted in very low nitrogen removal efficiency in Run 8, owing to insufficient hydrogen. Adequate nitrogen removal efficiency was achieved on the first day for Runs 5 and 6, indicating that the optimal intermittent hydrogen supply is as efficient in nitrogen removal as continuous hydrogen supply, with no negative effect on the microbial activity.
The hydrogen effectiveness obtained with different intermittent hydrogen cycles is summarized in Fig. 7 . The hydrogen effectiveness increased from 200 mg-N/g-H 2 with continuous hydrogen supply as discussed in the previous section, to 614 and 744 mg-N/g-H 2 using intermittent hydrogen cycles (on/off) of 3/5 and 3/7 min, respectively. In addition, the overall hydrogen consumption was lower in the case of intermittent hydrogen supply than in the case of continuous hydrogen supply by more than 50%. Therefore, the nitrogen removal performance of HD can be improved by using an intermittent hydrogen supply, and the optimal conditions to maintain effective denitrification were as follows: a cycle of 3 min of hydrogen supply and 7 min without hydrogen supply. Under this condition, the nitrogen removal efficiency was 96.5 ± 0.8%, and the hydrogen consumption was only 0.19 g-H 2 /d.
Microbial community
After the above experiments, the microbial community in the HD reactors under both continuous and intermittent hydrogen supply was analyzed. In Run 1-4, the reactor operated with a continuous hydrogen supply (sludge was taken on 15th day of operation), while in Run 6 the reactor operated with intermittent hydrogen supply (sludge was taken on the 7th day of operation). The results revealed that there was no difference at the phylum level (as shown in Fig. 8) ; Proteobacter (90 -94%) was the predominant phylum, followed by Bacteroidetes (3 -12%) and Firmicutes (1 -7%). However, minor differences in the microbial communities were found at the class level (Fig. 8) ; Betaproteobacteria accounted for 79 -97%, Gammaproteobacteria for 0.3 -4.8%, and Alphaproteobacteria for 1.8 -15%, of the bacterial detected in Runs 1-4, whereas Betaproteobacteria accounted for 75%, Alphaproteobacteria for 12% and Gammaproteobacteria for 13% of the bacteria in Run 6. These results suggested that the distribution of Betaproteobacteria increased as the hydrogen flow rates were increased, whereas Gammaproteobacteria and Alphaproteobacteria decreased as the hydrogen flow rates were increased. However, Betaproteobacteria was the dominant bacteria in both systems.
The bacterial community was further analyzed at the family and genus levels (Fig. 9) . The results indicate that the different conditions between continuous and intermittent hydrogen supply had a significant effect on the microbial community and bacterial composition. Hydrogenophaga spp., Rhodocyclaceae and Thauera spp. belonging to the class Betaproteobacteria constituted the dominant bacterial communities in both systems. In the literature, the most abundant of hydrogenotrophic denitrifier belonged to the phylum Proteobacteria, Hydrogenophaga spp., which is a new genus that, has been shown to be a hydrogen-oxidizing bacterium and was found in the biofilm of a HD reactor Fig. 8 Relative abundance values at the phylum level with continuous hydrogen supply (Run 1-4) or intermittent hydrogen supply (Run 6). Abundance values lower than 0.5% were included in the "Other" group. [16] . Thauera spp. and some genera belonging to the family Rhodocyclaceae were detected in amphitrophic denitrifiers, which perform both autotrophic and heterotrophic denitrification [17] . Moreover, Thauera spp. was a commonly detected genus in the autotrophic denitrification of full-scale industrial wastewater plants and in lab-scale denitrification systems [18] . The relative abundance of Hydrogenophaga spp. and Rhodocyclaceae increased with as the hydrogen flow rate was increased, whereas that of Thauera spp. was decreased with lower hydrogen flow rate, as shown in Table 2 . Hydrogenophaga spp. (30.3 -39.3%) was the predominant genus in the high hydrogen supply flow rate while Thauera spp. (58.5%) and Methyloversatilis spp. (26.0%) were the predominant genera in the low hydrogen supply and intermittent hydrogen supply systems. In our reactor, under optimum conditions (Runs 2 and 6, in terms of system performance and hydrogen effectiveness), Thauera spp. was the most abundant genus. These results suggest that Thauera spp. might be responsible for HD under condition of low hydrogen supply, similar to Hydrogenophaga spp. and Rhodocyclaceae.
In should be highlighted that Hydrogenophaga spp., Thauera spp. and an unclassified genus of Rhodocyclaceae might be responsible for HD and the excellent nitrogen removal and that the inclusion of these bacteria might represent a promising approach for enhancing the HD system.
CONCLUSIONS
In this study, a simple HD reactor was developed for removing nitrate from groundwater. Using a continuous hydrogen supply, the nitrogen removal efficiency was increased as the hydrogen flow rates were increased, with the optimal hydrogen flow rate being 5 mL/min and yielding 86.4 ± 13.8% nitrogen removal and no nitrite accumulation. The hydrogen consumption was 0.64 g-H 2 /d, and the hydrogen effectiveness was 199 mg-N/g-H 2 . The reactor's performance was further improved using intermittent hydrogen supply. At the optimal intermittent period of 3 min of hydrogen supply and 7 min without hydrogen supply (in a cycle), a high nitrogen removal efficiency of 96.5 ± 0.8% was achieved; the hydrogen effectiveness increased to 736 mg-N/g-H 2 , and the hydrogen consumption decreased to 0.19 g-H 2 /d. Additionally, the bacterial community in the system was analyzed by next-generation sequencing. Hydrogenophaga spp., Thauera spp. and an unclassified genus in Rhodocyclaceae were the predominant genera in the reactors, and differences of the rate of hydrogen supply might affect the bacterial composition. Hydrogenophaga spp. (39.3%) was dominant under continuous hydrogen supply, whereas Thauera spp. (58.5%) was the most abundant genus under intermittent hydrogen supply. Although the dominant genus was different between the two conditions, the system performance was not remarkably different. This results suggests that Thauera spp. might be responsible for HD under condition of low hydrogen levels. In this study, Hydrogenophaga spp., Thauera spp., and Rhodocyclaceae were found to be responsible for nitrogen removal from the groundwater with excellent performance. 
